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Abstract—The effects of prior chronic exposure to atrazine on responses to subsequent acute exposures were investigated using
a common benthic diatom. Clonal, axenic cultures of Craticula cuspidata were established from the Platte River (Nebraska) and
obtained from a culture collection (unlikely prior exposure to atrazine). All cultures received a chronic 67-d treatment of 1 mg/L
atrazine, and growth was monitored using fluorometric detection of chlorophyll a. Chronic atrazine exposure significantly reduced
growth rate only during the first day of treatment (p 5 0.0001); no significant effect was detected throughout the remainder of the
67-d period. Following the chronic treatment, clones were exposed to six atrazine concentrations (83, 188, 402, 860, 1,782, and
3,250 mg/L) to ascertain whether prior exposure influenced the tolerance of this diatom. Prior chronic exposure had a negative
effect on growth following subsequent exposures to higher concentrations. A significant decline in growth was detected on days
7, 9, and 12 between previously exposed and control clones at 83 mg/L of atrazine. The lack of increased tolerance in C. cuspidata
after a realistic chronic exposure indicates that the levels of atrazine presently found in many lotic systems may inhibit the growth
of periphyton during periods of higher pulses of atrazine characteristic of spring runoff events.
Keywords—Atrazine
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changes in their community composition or abundance have
the potential to disrupt higher trophic levels [10].
Many studies have examined the effects of atrazine on algae, revealing a wide sensitivity range among species [11] and
even among strains of the same species [12]. Atrazine levels
as low as 1 mg/L can cause inhibition in some algae [13,14];
however, negative effects are usually not observed unless exposures to higher levels of atrazine are used, especially in field
or mesocosm studies [15]. Virtually all investigations on the
effects of atrazine on algae in laboratory settings have utilized
exposure durations of a few hours to a few days, with longer
exposures of atrazine limited to microcosms, enclosures, or
experimental ponds [16]. Community-level studies investigating long-term atrazine effects have found differential species responses resulting in changes in community structure at
high levels of atrazine (500 mg/L) [17] and no change in community structure at lower concentrations (5 mg/L) [18]. Variations in community response perhaps illustrate some level
of tolerance, but species-specific responses are difficult to delineate because of the high levels of variation inherent in community-level or higher bioassays. Although the need for community-level studies for risk assessment is well documented
[19,20], single-species assays are still crucial for understanding
the effects of chemicals on survival, reproduction, physiology,
and biochemistry [19] as well as for delineating the mechanisms responsible for processes such as tolerance or resistance.
Studies have examined algal communities pre-exposed to
contaminants to determine whether tolerance changes with
subsequent exposure. Periphyton communities exposed to arsenate, for example, were less affected by subsequent exposure
[21], and communities exposed to zinc changed less under
subsequent pH changes [22]. Studies investigating prior exposure to atrazine have been unable to establish more tolerant
algal communities or clones. Millie and Hersh [12] determined
EC50 values for clones of Cyclotella meneghiniana (Bacil-

INTRODUCTION

Aquatic ecosystems are integrally connected to adjacent
landscapes and subject to agricultural activities and the accompanying negative impacts on water quality. Over half of
all river kilometers in the United States are moderately to
severely impacted by agriculture [1]. Although most of this
degradation is due to sediment and nutrients in surface runoff,
pesticide presence in rivers is becoming ubiquitous. Thurman
et al. [2] detected atrazine in 98% of 149 midwestern rivers
sampled across a 12-state region. Atrazine, an herbicide used
to control broadleaf weeds in corn and sorghum, inhibits photosynthesis by disrupting electron transport between the two
photosystems [3]. It is the most commonly used herbicide in
the United States, with 50 million kilograms applied annually
[4]. Atrazine application rates are highest in the midwestern
Corn Belt, where many areas have greater than 60% of their
land area planted to corn [5]. An estimated 0.1 to 3% of applied
atrazine enters aquatic systems via surface runoff [6].
Atrazine levels in lotic systems reach a maximum when
spring rains result in high volumes of surface runoff. These
levels then decline throughout the growing season as atrazine
degrades [7], is taken up by plants [8], or moves deeper into
the soil matrix [8] and is less likely to enter surface runoff.
Atrazine concentrations as high as 691 mg/L have been reported in streams receiving storm runoff from agricultural
fields [9]. The U.S. Geological Survey has found atrazine in
the Platte River near Grand Island, Nebraska, year-round (U.S.
Geological Survey, unpublished data). The high detection frequency of atrazine in many lotic environments raises concern
for nontarget primary producers. In many streams, periphyton
(attached algae) form the base of the food chain, and thus
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lariophyta) using one clone with prior atrazine exposure. The
previously exposed clone did not exhibit the highest EC50
reported. Kosinski and Merkle [23] were unable to detect enhanced tolerance in communities pre-exposed to 10 mg/L of
atrazine; similar results were obtained by Gustavson and
Wängberg [24] and Brockway et al. [25].
The first objective of this study was to determine whether
the growth rates of a common benthic diatom from the Platte
River were affected by chronic exposure to low (base flow)
concentrations of atrazine over several generations and how
those rates compared with clones of the same species with no
prior exposure to the herbicide. The concentration used for
chronic exposure was similar to levels found during much of
the growing season in the Platte River. Thus, the alga was
exposed to atrazine at a much lower concentration and over a
much longer time period (weeks vs days or hours) than in most
previous studies. Given the importance of potential herbicide
tolerance at the species level to stream ecosystem response to
atrazine, a second objective was to determine whether preexposure to low levels of atrazine influenced tolerance to higher
concentrations of the herbicide characteristic of spring pulses.
MATERIALS AND METHODS

Culture establishment and maintenance
Periphyton samples were collected from five sites along the
Platte River, each about 5 km apart, near Grand Island, Nebraska (408529280N, 988169540W). Samples were collected in
June and July 1994 by removing periphyton from shallow
water near sand bars. The diatom Craticula cuspidata (Kütz.)
D.G. Mann was selected for study because it was common at
all sites. Clonal cultures were established from each site by
isolating a single cell in standard soil–water medium. Four
clones of the same species were also obtained from the Loras
College Freshwater Diatom Culture Collection (Dubuque, IA,
USA). Culture collection isolates were originally obtained
from Lake Itasca (clones L118, L329, and L1073) and Heart
Lake (clone L283), (Minnesota) and they were believed to
have had no previous exposure to atrazine. Clonal isolates were
treated with an antibiotic mixture [26] diluted 1:10,000 in WC
medium [27] for 48 h to obtain axenic cultures. Luria-Bertani
(LB) agar plates [28] were used to confirm whether cultures
were axenic. Axenic cultures were used in all treatments to
eliminate bacterial degradation of atrazine [7].
Cultures were maintained in 25 3 150-mm culture tubes
in WC medium with added iron and silica, renewed biweekly,
and transferred every 2 weeks to maintain relatively constant
atrazine concentrations. Cultures were housed in growth chambers at 208C on a 12:12 h light:dark cycle, using cool white
fluorescent light at 225 mmol/m2/s.

Pesticide exposures
Atrazine, 2-chloro-4-ethylamino-6-isopropyl-amino-1,3,5,triazine (98% purity), was obtained from Chem Service (West
Chester, PA, USA). Stock solutions (1 mg/ml) were prepared
by dissolving atrazine in 100% ethanol and filter sterilized
using a Millex-GS 0.22-mm filter unit (Milli-Q, Bedford, MA,
USA). Atrazine stock was added to autoclaved growth medium
to achieve desired concentrations, and ethanol was added to
the control medium at the same volume.
A chronic 67-d exposure to 1 mg/L of atrazine was chosen
on the basis of average levels recorded in the Platte River at
base flow (U.S. Geological Survey, unpublished data). Growth
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medium with atrazine was dispensed into autoclaved culture
tubes using sterile technique. Aliquots of each clone were then
added to 10 tubes (five containing atrazine) to produce five
subreplicates of each clone for each treatment level. This technique was applied to all nine clones, resulting in 90 total tubes.
In vivo chlorophyll a fluorescence of all cultures was monitored with a fluorometer (Turner Designs, Sunnyvale, CA,
USA, model 10-AU) using a 436-nm excitation filter and a
680-nm emission filter. At the same time of day [29], culture
tubes were vortexed and placed in the fluorometer; fluorescence was recorded nine times during each 2-week period
(days 0, 1, 2, 3, 4, 7, 9, 11, and 14). Fluorescence was used
as a nondestructive measure of chlorophyll a, and growth rate
in cell doublings per day (dpd) was calculated with these readings using ln Ft2 2 ln Ft1/(t2 2 t1) ln 2, where Ft2 5 fluorescence at time 2 and Ft1 5 fluorescence at time 1 [30]. At the
end of the first 2 weeks, fluorescence was again recorded for
each tube, and small aliquots were transferred into fresh medium (with or without atrazine) on the basis of the final fluorometer reading, so that the initial fluorescence would be similar for all 90 tubes. This procedure was repeated five times,
resulting in a 67-d chronic exposure to atrazine. The fluorescence method (as a surrogate for growth rate determinations)
was validated in a prior 4-week culture experiment in which
half the subcultures were exposed to atrazine at 1 mg/L. Cell
counts were conducted for one clone from the Platte River and
one from the culture collection by enumerating cells in a Palmer chamber on days 1, 3, 5, 7, 9, 11, 13, and 15 after a 2-week
exposure period.
At the conclusion of the chronic treatment, clones were
exposed to higher levels of atrazine to investigate the effects
of prior atrazine exposure. Six nominal concentrations (93,
187, 375, 750, 1,500, and 3,000 mg/L) were used on the basis
of prior experiments conducted to determine concentrations
eliciting a range of growth responses. Five acute trials were
conducted using one replicate of each clone for each trial; in
this way, all nine clones (both unexposed and pre-exposed)
were tested simultaneously. The five replicated bioassays were
conducted, and growth was monitored using a fluorometer on
days 1, 5, 7, 9, and 12 (in the first replicate only, clones were
monitored on days 1, 3, 5, 7, and 9).
Cell counts were also performed for these higher exposures
to validate the correlation between cell counts and fluorometric
readings. Again, one clone from the Platte River and one clone
from culture collection (from both prior exposure histories)
were enumerated at 93, 187, 375, and 750 mg/L of atrazine
on days 7, 9, and 12 using a Sedgewick-Rafter cell.
At the conclusion of the acute-exposure trials, two clones,
one from the Platte River (WR) and one from culture collection
(L329) from both prior exposure histories, were used to check
for viability. Cells of these clones were removed from the six
atrazine concentrations and placed in fresh, atrazine-free medium. Because growth in the highest concentrations of atrazine
was minimal, cells were allowed to settle on the bottom, and
then sterile Pasteur pipettes were used to draw approx. 1 ml
to transfer to fresh medium. As a result, this transfer method
did not transfer equal numbers of cells from each concentration. Growth was then monitored with a fluorometer for 10 d.

Pesticide analysis
Gas chromatography–mass spectrometry (GC-MS) analysis
was performed on growth medium used in the chronic treatment by the Water Sciences Laboratory, University of Ne-
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braska (Lincoln, NE, USA), to measure actual atrazine concentrations. Analyses of acute exposure concentrations were
completed using gas chromatography. On the basis of a split
sample that was sent to the Water Sciences Laboratory for
quality assurance, GC-MS results yielded 182 mg/L in comparison to 188 mg/L determined by GC. Atrazine levels determined by GC for the acute portion of the study were calculated on the basis of an extraction efficiency of 89.6%.
Chronic treatment concentrations were determined on samples collected prior to algal addition as well as 14 d after algal
addition (by aggregation of culture tubes after transfer into a
single sample) to determine atrazine concentrations. Samples
were added to 1 L acid-cleaned, hexane-rinsed amber glass
bottles and kept at 48C before solid phase extraction (SPE).
Samples were filtered prior to SPE to remove particulates using
a precombusted glass fiber filter (Type A/E, 1.0-mm porosity,
Gelman Sciences, Ann Arbor, MI, USA). A Hewlett Packard
5890 series II gas chromatograph, interfaced with an HP5970
MSD quadrupole mass spectrometer (Hewlett Packard, Avondale, PA, USA) with a fused silica capillary column (DB-1,
30 m 3 0.25-mm i.d., 0.25-mm film thickness, J&W Scientific,
Folsom, CA, USA), was used under the following conditions:
injector and transfer line temperatures were both 2808C, the
split/splitless purge valve was opened 0.75 min after injection,
and the head pressure of the carrier gas (He, chromatographic
grade, Air Products, Lincoln, NE, USA) was 52 kPa. The
detection limit for atrazine was 0.05 mg/L. The GC-MS analyses for the chronic portion of this study showed an initial
atrazine concentration of 1.14 mg/L (n 5 2) in the growth
medium and a final concentration after 14 d with algae present
of 1.10 mg/L (n 5 2). Thus, C. cuspidata clones were likely
exposed to at least 1 mg/L atrazine over the 67-d exposure
period.
Acute levels of atrazine were determined for all six concentrations both before and after algal addition using gas chromatography. Insufficient medium was left for analysis after
the concentrations for algal addition were made, so a separate
set of concentrations was made for determination of initial
atrazine concentrations. Because two sets of medium were
made, degradation rates were unknown. All samples were immediately filtered using a glass fiber filter (Type A/E, 1.0-mm
porosity, Gelman Sciences) and stored at 48C in 1 L acidwashed, hexane-rinsed amber glass bottles until extraction.
Extraction was completed using Empore 3M extraction disks
(with Bakerbond Octadecyl [C 18], J.T. Baker, Philipsburg,
NJ, USA). Atrazine concentrations were determined using a
Shimadzu model 14-A gas chromatograph (Kyoto, Japan) with
a 1-ml/min flow rate, helium carrier gas, nitrogen-phosphorus
detector, and a column temperature of 2008C. Standards were
made from 98% pure atrazine (Chem Service, West Chester,
PA, USA), and the limit of detection was 5 mg/L. Initial concentrations of atrazine in the acute experiment were 83, 188,
402, 860, 1,782, and 3,250 mg/L. Final concentrations of atrazine were 57, 161, 410, 840, 1,778, and 3,372 mg/L.

Data analysis
Chronic exposure data were analyzed using a repeated-measures analysis of variance (ANOVA). Repeated-measures analysis was performed on the 2 weeks of measurements between
transfers, resulting in five analyses. Multiple analysis of variance (MANOVA) Wilkes’ lambda exact F-tests were used to
examine time and time-by-atrazine effects. Data from day 1
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Fig. 1. Growth rates of culture collection (a) and Platte River (b)
clones under control treatment (no atrazine). L1, L2, L3, and L10 5
Loras College clones; IW (Izak Walton), H34 (Highway 34), L (Locust), and CM (Crane Meadows) 5 Platte River clones.

only of the chronic study were analyzed using a split-plot
ANOVA.
Acute exposure data were analyzed using a split-plot ANOVA. Clone source and prior exposure history interactions were
examined to determine whether the effects of exposure were
dependent on clone source. Significant atrazine exposure history effects were determined for days 7, 9, and 12 at 0 and
83 mg/L atrazine. Analyses were performed using the SAS/
STAT t User’s Guide [31].
RESULTS

In the absence of atrazine, growth rates of culture collection
(Loras) clones were consistent among transfer periods, with
maximum growth levels ranging from 0.6 to 0.9 doublings per
day (dpd) (Fig. 1a). However, growth rates of Platte River
clones of C. cuspidata were more similar among clones and
more consistent among transfer periods, with a maximum
growth rate of approx. 1.0 dpd (Fig. 1b).

Chronic treatment
A significant atrazine effect on growth rates of C. cuspidata
clones was seen on the initial day of the chronic treatment (p
5 0.0001). Growth rates of all clones under both treatments
began to decrease 5 d after transfer, and similar decreases were
observed after all five transfers, indicating possible nutrient
depletion or density-dependent effects (Fig. 2). Because of the
large decrease in growth rates after day 5, time effects were
significant in all analyses except for days 35 and 42 (p 5
0.0514) (Table 1). Significant atrazine effects were found for
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Fig. 2. Growth comparisons of Platte River clones IW (Izak Walton), H34 (Highway 34), L (Locust), CM (Crane Meadows), and WR (Wild
Rose) and Loras College (L) diatom clones under chronic atrazine and control treatments. Note that the symbols for each treatment are not visible
because the plots are virtually superimposed. Triangles indicate transfer of cultures into fresh medium. Error bars indicate 61 SE (n 5 5).

three of the five biweekly comparisons during the chronic
exposure (Table 1); however, these effects were numerically
very small when compared to the overall effect of time on
growth rates (Fig. 2). Overall, growth rates showed only slight
differences between the two treatments; that is, growth rates
were very similar except for the first day (Fig. 2).
Cell densities at both 0 and 1 mg/L atrazine were highly
positively correlated with fluorometer readings. The Platte River clone had a Pearson’s correlation coefficient of 0.90 and
0.93 under control and atrazine treatments, respectively. The
culture collection clone had a correlation coefficient of 0.98
and 0.99 for control and atrazine treatments, respectively, indicating again that fluorometric determination of chlorophyll
a provided a good measure of actual growth. Over time, the
ratio of relative fluorescence units to cell number did not

change, and no difference was noted between ratios of clones
exposed to atrazine and those grown under control conditions.

Acute exposure
Prior exposure history (i.e., treatment during chronic exposure) had a significant effect on growth at the 0 and 83 mg/L
atrazine levels (Fig. 3). Higher concentrations were not compared because of low growth in all clones regardless of prior
exposure. No significant source- (Platte vs Loras clones) byexposure interactions were detected at any day or exposure
level (control or 83 mg/L; Table 2). Prior exposure history had
a significant effect on all days (7, 9, and 12) as well in both
the 0 and the 83 mg/L atrazine level (Table 2); for example,
fluorescence at 0 mg/L was 66% and at 83 mg/L was 55% less
than the controls on day 7. Thus, prior chronic exposure to
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Table 1. Summary of repeated-measures analysis of variance
(ANOVA) for chronic exposures ( p values). Time and time-byatrazine interaction terms are multiple analysis of variance
(MANOVA) Wilkes’ lambda exact F tests
ANOVA

Days 1 Days 14 Days 28 Days 42 Days 56
and 11 and 25 and 39 and 53 and 67

Time
Time 3 Atrazine
Atrazine

0.0067
0.0546
0.0001

0.0227
0.1285
0.0001

0.0514
0.4634
0.0658

0.0058
0.0472
0.0819

0.0019
0.1414
0.0022

atrazine resulted in reduced growth rates during subsequent
acute exposures as well as under control conditions with no
atrazine.
Whereas cell counts performed prior to the chronic and
acute experiments revealed no increase in fluorescence per cell
(clones were exposed for 2 weeks prior to counting), cell
counts at higher concentrations of atrazine (i.e., acute exposure
levels) revealed an increase in fluorescence per cell. Platte
River clone IW and culture collection clone L329 exhibited a
dramatic increase in fluorescence per cell at most concentrations on days 7, 9, and 12 (Table 3).
Cells from all atrazine concentrations were viable when
transferred into fresh medium without atrazine at the end of

Table 2. Summary of significant prior exposure history and historyby-clone effects from days 7, 9, and 12 of the acute exposure (n 5
5). FR0 indicates fluorescence reading at 0 mg/L of atrazine, and FR83
indicates fluorescence rate at 83 mg/L of atrazine
ANOVA

Day 7

Day 9

Day 12

History FR0
History FR83
Source 3 History FR0
Source 3 History FR83

0.003
0.0002
0.4321
0.3973

0.0029
0.0002
0.4118
0.3363

0.0098
0.0001
0.8529
0.7968

the acute exposure experiment. Cell densities transferred to
new medium differed, depending on the cell density in the
source culture. Because transfers were not quantitative, statistical comparisons were not conducted, although it did appear
that the Platte River clone (WR) recovered faster at higher
atrazine concentrations than the culture collection clone
(L329).
DISCUSSION

Chronic exposure
Results from the chronic exposure study indicate that continuous exposure to low concentrations of atrazine over a 67-d
period did not adversely affect growth rates of the diatom C.
cuspidata. An initial effect of atrazine was seen on day 1 of
the chronic study due to an initial increase in fluorescence at
day 0, when clones were first placed in atrazine-containing
medium. This increase in fluorescence diminished by day 1,
resulting in a lower calculated growth rate. Although no differences in growth rate were found over 67 d, it is interesting
that significant differences were evident after atrazine exposure
ceased, that is, in the 0-mg/L treatment in the subsequent acuteexposure experiment. This effect of prior exposure history may
reflect one or more physiological and/or structural changes at
the cellular level at low atrazine concentrations, an observation
that warrants further investigation.
The results of this study generally are not consistent with
previous research showing atrazine effects at 1 mg/L, including
declines in chlorophyll a and growth. For example, Torres and
O’Flaherty [14] found a 41 to 67% reduction in chlorophyll
a in six freshwater algal taxa after a 7-d atrazine treatment,
and O’Kelly and Deason [13] reported that growth in 24 of
36 freshwater algal isolates was reduced by 10 to 50% when
exposed to 1 mg/L of atrazine, and two isolates were inhibited
Table 3. Fluorescence per cell 3 104 during acute-exposure treatment
of Platte River clone IW and culture collection clone L329 enumerated
on days 7, 9, and 12. Control and atrazine columns depict prior
exposure history under the chronic treatment
Day 7
Day 9
Day 12
Atrazine
Clone (mg/L) Control Atrazine Control Atrazine Control Atrazine
IW

L329
Fig. 3. Growth differences at 0 and 83 mg/L atrazine of pre-exposed
(shaded) and control (white) treatments during subsequent atrazine
exposure (n 5 9). Error bars indicate 61 SE (based on least squares
means).

0
93
187
375
750
0
93
187
375
750

29.76
57.44
54.62
42.40
39.38
19.59
30.92
36.07
36.08
18.50

26.69
53.01
56.90
55.12
50.23
18.79
30.02
36.79
32.83
8.13

28.78
37.04
44.30
39.72
34.73
18.63
33.72
41.89
37.99
27.15

32.84
52.22
62.30
62.01
56.85
17.96
32.57
38.81
31.78
16.82

30.57
41.51
44.47
50.27
30.74
19.13
36.30
38.17
45.17
27.33

35.07
49.73
57.55
70.76
66.73
18.87
38.29
39.71
43.50
21.91

Chronic effects of atrazine on tolerance of a benthic diatom

by .50% after a 14-d exposure. The effects of atrazine recorded initially in this study parallel the findings of DeNoyelles
et al. [17], in which increases in in vivo fluorescence were
seen at 1 mg/L after a 2-min exposure. The results of this study
revealed an initial atrazine effect that decreased over time; by
day 3 of the exposure to 1 mg/L, no appreciable differences
were noted between treatments.
The absence of chronic effects for the duration of the 67-d
exposure is in agreement with the findings of van den Brink
et al. [18], in which no species composition or abundance
changes were detected in an algal community exposed to 5
mg/L of atrazine for 6 weeks. However, they did note a slight
shift in several functional parameters, such as dissolved oxygen, pH, and alkalinity, indicating a slight decrease in photosynthetic activity. Brockway et al. [25] did not detect a significant change in oxygen production in microcosms treated
with 5 mg/L of atrazine during a 75-d exposure. Chronic exposure to 10 mg/L of atrazine for 3 weeks was sufficient to
reduce apparent gross primary productivity in artificial streams
[23]. However, chronic exposures are generally lower in lotic
systems, especially in higher-order streams, where peak concentrations of contaminants are diluted by increased flows but
are present for longer durations. Research utilizing environmentally realistic exposures appears to show that these lower
concentrations do not impair periphyton growth but can affect
higher trophic levels; Gruessner and Watzin [32] found earlier
emergence of benthic invertebrates in laboratory microcosms
exposed to realistic atrazine concentrations.
Some researchers have documented increases in chlorophyll
a, species richness, and biomass under low concentrations of
atrazine. Torres and O’Flaherty [14] found that atrazine concentrations of 0.1 and 0.5 mg/L stimulated chlorophyll production by up to 156%. Pratt et al. [33] noted stimulatory
effects in species richness and biomass at low atrazine concentrations and a 57% increase in chlorophyll a. No increase
in growth was seen during the 67-d chronic exposure in the
present study. Increased growth of algae under low atrazine
concentrations has been hypothesized to be the result of nitrogen utilization from atrazine metabolites [14]. However,
atrazine concentrations showed little degradation of parent
compound in this study; furthermore, the additional nitrogen
in a 1-mg/L concentration of atrazine would be too small to
make a difference in nutrient availability.

Acute exposures
The results from the present study indicate that chronic,
low-level exposure to atrazine inhibits growth during subsequent exposure to higher atrazine concentrations; prior exposure resulted in decreased growth in both 0 and 83 mg/L
atrazine treatments. Decreased growth at higher concentrations
(188, 402, 860, 1,782, and 3,250 mg/L) was not discernable
because of direct growth inhibition by atrazine. Evidence for
induced resistance or increased tolerance in algae resulting
from prior exposure to atrazine is lacking. Thus, unlike the
results obtained from heavy-metal exposures [21,24], algal
communities preexposed to low levels of atrazine do not appear to have increased tolerance to subsequent exposures
[24,25]. Community-level studies using a single atrazine exposure have revealed more tolerant species by examining algal
community-level changes [17,23]. However, increased tolerance from prior exposure was not reported. Atrazine tolerance
was investigated by Kosinski and Merkle [23], but none was
detected in communities pre-exposed to 10 mg/L. In addition,
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they assessed the influence of the source of the algae on their
response to the herbicide; effects of higher concentrations of
atrazine (1 and 10 mg/L) were similar in both algal communities from both pasture and row crop–fed streams. Algae from
the pasture spring were inhibited less, but the effects were
longer lasting (photosynthesis was reduced for a full 3 weeks).
In comparison, algal communities obtained from an agriculturally impacted stream recovered from the 1 mg/L of atrazine
in 1 week. These differences could have been related to prior
exposure histories (i.e., original collection sites) but more likely resulted from differences in species composition. Gustavson
and Wängberg [24] also attempted to induce tolerance in algal
communities using copper and atrazine. Although they were
able to document increased tolerance of communities pre-exposed to copper, they were unable to find any changes in atrazine tolerance. Increased tolerance also was not detected by
Brockway et al. [25] when a subsequent dose of 59 mg/L of
atrazine was applied to microcosms previously exposed to 0.5
mg/L for 29 d. However, periphyton communities are inherently complex, so they may mask prior exposure effects evident when examined at the species level.
Photosystem II (PS II) inhibitors block electron transport,
which can be monitored using a fluorometer. In PS II, atrazine
binds to the D1 protein, blocking the transfer of electrons so
that absorbed light energy is not transferred to electrochemical
energy [34] but re-emits the photon of light as florescence
[35]. Thus, increased fluorescence can be used as a sensitive
indicator of impairment in the electron transport chain. Cell
counts and fluorometer readings prior to the chronic exposure
revealed no increase in fluorescence per cell. At low concentrations, PS II inhibitors have not been shown to increase
fluorescence. For example, Arsalane et al. [36] did not detect
appreciable increases in fluorescence of the diatom Phaeodactylum tricornutum until atrazine or simazine concentrations exceeded 100 mg/L. Increases in fluorescence were seen
at lower concentrations of terbutryne (a PS II–inhibiting herbicide), with large increases in fluorescence in the green alga
Scenedesmus dimorphus at 50 mg/L and in the diatom Nitzschia acicularis at 2 to 3 mg/L [37]. The 1-mg/L concentration
of atrazine used in the present chronic exposure was apparently
insufficient to create detectable increases in fluorescence in C.
cuspidata, except on the initial day of exposure.
When C. cuspidata was exposed to higher levels of atrazine, increases in fluorescence per cell occurred. Furthermore,
the increase was elevated as the concentration increased from
83 to 402 mg/L. Once concentrations of PS II inhibitors are
high enough to block electron transport (resulting in increased
fluorescence), fluorescence increases until a saturation point
is reached, beyond which further increases are not evident
[36,38]. Because of the fluorescence increase caused by PS II
inhibitors, EC50 values calculated on the basis of a fluorescence-generated dose–response curve are not reliable. This
was manifested in several clones wherein the 83-mg/L fluorescence exceeded the control but did not correlate with cell
counts.

Resistance mechanisms
Herbicide resistance in weeds was first documented in 1968,
and the number of weed biotypes conferring resistance to PS
II inhibitors has since increased to 57 species [39]. Evolution
of resistance to PS II inhibitors in plants nearly always involves
a single mutation in the psbA gene that codes for the D1
protein. The resulting change in the D1 protein reduces the
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binding affinity of PS II inhibitors but does not change the
binding affinity of the QB plastiquinone [34]. In contrast, crop
tolerance to herbicides is generally due to metabolism [39].
In algae, the only documented resistance to PS II–inhibiting
herbicides has been after induced mutagenesis [40]. Further
research should address the lack of tolerance and resistance
to atrazine in freshwater algae before assuming that current
loading rates of atrazine to aquatic systems are insufficient to
pose a significant risk to ecosystem integrity, especially in light
of recent evidence of additive herbicide effects in benthic algal
communities [41].
In conclusion, chronic exposure of C. cuspidata to low
concentrations of atrazine increased the sensitivity of this diatom to higher pulses of the herbicide. Thus, chronic exposure
to atrazine concentrations typical of base flow in the Platte
River did not increase its tolerance to higher atrazine levels.
This lack of increased tolerance in a common benthic diatom
after a realistic chronic exposure indicates that the levels of
atrazine presently found in many lotic ecosystems does not
enhance but actually inhibits the growth of periphyton during
higher pulses of atrazine. Given the important environmental
implications of these findings, further studies on additional
algal species and entire algal communities are clearly warranted.
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